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Introduction
The tundish is the final metallurgical element reactor, in which both autonomous and coupled processes are realized. The flow, heat transfer and inclusion movements in the response time (t) T p peak time (t) V p volume ratios of the plug zone Vp i volume ratios of the plug zone at the i th strand V d volume ratios of the dead zone Vd i volume ratios of the dead zone at the i th strand V m volume ratios of the well-mixed zone Vm i volume ratios of the well-mixed zone at the i th strand gical behavior of the tundish is to use kinds of flow control devices (FCDs) that significantly determine the directions of the molten steel flow stream and heat diffusion and the behavior of nonmetallic inclusions, such as turbulence inhibitors (TIs) and baffles, in the tundish [5] [6] [7] [8] [9] . Merder et al. [5, 6] studied the effect of TIs on the flow behavior in a two-strand tundish and found that the use of an FCD caused a decrease in the transition zone and an increase in the active flow volume in the tundish. The TI and baffles in a multistrand tundish were researched by Pieprzyca et al. [7] and Zheng et al. [9] , and they found that FCDs can influence the generation of the transition zone and active flow. Moreover, the residence time distribution (RTD) curve is the plot of the tracer concentration at the outlets against time, and this curve is widely used to assess the consistency of flow characteristics among outlets and measure the reasonability of the flow field in a multistrand tundish [10] [11] [12] [13] [14] . Additionally, heat loss and its associated effects on the steel flow, residence time and temperature stratification in tundish systems have been investigated in a large number of publications [8, [15] [16] [17] , along with inclusion removal behavior [17] [18] [19] [20] . Most of the above studies focused on metallurgical behaviors of single-strand or even multistrand tundishes, in which the consistencies of the flow, heat and inclusions among the strands can be easily controlled, usually at a high level, during the casting process. When dealing with an odd number of multistrands, the flow field, temperature distribution and inclusions near the middle strand are much different from those of the other strands, and the consistencies among the strands are usually at a relatively low level. The disqualification rate of steel produced through the middle strand is much higher than that of the other strands. Delgado-Ramirez et al. [21] performed a multiphase mathematical simulation to optimize the fluid flow and homogenization temperature in an asymmetric delta-type five-strand tundish and reported that the proposed dam design could improve the flow pattern and inclusion removal rate and avoid reoxidation and loss of steel temperature. He et al. [22] investigated the flow and temperature fields in a T-type five-strand tundish under different FCDs and found that a U-type baffle with deflector holes and a round TI could improve the flow characteristics and reduce the differences among multiple strands, while the movement of inclusions was not mentioned. In addition, most of the above mathematical outcomes about FCD optimization lack application effects from steelmaking plants. Zhang et al. [23, 24] optimized the multiphase flow behavior in a five-strand bloom tundish during ladle changeover by a ladle shroud and TI, while the temperature distribution and inclusion movement were ignored. Since over 90% of the tundish casting period is in the steady-state casting process, it is necessary to improve the metallurgical behavior of the flow field and heat transfer in the tundish before optimization of ladle changeover conditions.
In this paper, a T-type five-strand high rail bloom casting tundish in a specific steelmaking plant is chosen as the research subject to investigate the influences of FCDs on the fluid flow, heat transfer and inclusion movement in an odd multistrand bloom casting tundish, improve the consistencies of flow, temperature and inclusion fields among strands, and reduce the disqualification rates of flaw detection (FD) and nonmetallic inclusions in produced high rail steel. Originally, the disqualification rates of FD and nonmetallic inclusions in the high rails poured by the five-strand tundish were relatively high and apparently more serious in steel produced through the 3rd strand, by which the FD disqualification rate in the 3rd strand reached 34.2%, and the consistency among strands was poor. To solve this problem, the molten steel flow, heat transfer and inclusion removal behaviors in the five-strand bloom casting tundish under five types of baffles and two kinds of TIs (including the original structure) are numerically investigated and compared by a multiphysical model. Water model experiments under different FCD designs are conducted and compared to the simulated results to validate the flow pattern and RTD curves. Furthermore, the optimized structure of a baffle and TI are installed and applied in the tundish in industrial trials for four months, and the results of FD and nonmetallic inclusions in the steel rails produced before and after modification by the baffle and TI are analyzed and compared.
2.
Model descriptions
Basic assumptions
The basic assumptions on modeling of flow, heat transfer and inclusion removal in a five-strand bloom tundish are presented as follows:
(1) The effect of the slag layer at the top of the bloom tundish is ignored. (2) The impact of the temperature field on the fluid flow is ignored, and the liquid steel is assumed to be an incompressible Newtonian fluid. (3) The heat transfer process is assumed to be a steady-state transport phenomenon. (4) As the percentage of inclusion in molten steel of tundish is relatively slow, the effect of nonmetallic inclusions on the steel flow is ignored, and the collision growth behavior of inclusions is not considered in this simulations. (5) Inclusions are simplified as rigid spheres and are absorbed immediately when they float to the bloom top.
Governing equations

Turbulence
The three-dimensional continuity and Navier-Stokes equations are shown as follows:
where u i is the fluid velocity; and eff are the density and effective viscosity of the fluid, respectively; and P is the pressure. The turbulence is expressed by the following standard kmodel [25, 26] :
where the turbulent viscosity t is calculated by :
where the constant values of C 1ε , C 2ε c , k and ε are 1.43, 1.92, 0.09, 1.0 and 1.3, respectively.
Heat transfer
The enthalpy equation is employed as follows:
where C p and k eff are the specific heat capacity and effective thermal conductively of liquid steel; T is the steel temperature.
Tracer diffusion
The conservation equation for diffusion behavior of tracer is described as follows:
where D eff is the effective diffusivity and c t is the concentration of the tracer.
Movements of inclusions
The movement of non-metallic inclusions can be described by Lagrangian stochastic trajectory model, which is expressed by solving the BBO equation, without considering the Basset force [27] :
where the terms on the tight-hand side are inertia force, fluid resistance, pressure gradient force, gravitational force and saffman force, respectively; p = 2Rp 2 9 and Re p = 2Rp u i −u pi are the relaxation time and Reynolds number of inclusions, respectively; f = C m 1 + 0.15Re p 0.687 ; u i and u pi are the transient velocities of steel and inclusions; u t and u pt are the wall tangential velocities of the steel and inclusions, respectively; R is the radius of inclusion. Meanwhile, the displacement of inclusion can be expressed as:
In order to simulate the effect of the turbulent fluctuations on the inclusion motion, the random walk model [28] can be applied. The continuous-phase velocity can be described as:
whereū i is the time-averaged velocity; is the random number that obeys Gauss distribution, the value is ranged from zero to one; k is the turbulent kinetic energy. Inclusions can be adhered to the tundish wall when crashing on the refractories at inner walls of the tundish, and the absorption stability depends on the Van der Waals force, shear force ( w ), inclusion size and surface roughness, etc. The probability of inclusion adsorption can be expressed as:
The critical fluid shear force ( crit ) can be obtained by:
where A = 2.3 × 10 −20 J is the Hamaker number [29] , which is the parameter reflects the adsorption strength of particles and plates; h = 4 nm is the stable spacing of Van der Waals force [30] ; R is the radius of the inclusions; to simplify the simulation process, the wall roughness is assumed to be equal to the radius of inclusions, by which the optimum absorption effect can be obtained [31] .
Analytical method of RTD curves
Average residence time
RTD curves are the most common way to quantitatively analyze the flow field and flow consistency among strands in a multistrand tundish, and the residence time of the steel is the main index to evaluate the metallurgical improvement in the tundish under different turbulence control devices. The average residence time of each strand (T a ) can be calculated by:
Correspondingly, the total average residence time of an Nstrand tundish (T¯a) is calculated by:
where t i is the time interval; t i is the sampling time; and c i is the concentration of KCl resolution at t i .
Calculation of flow pattern
The steel flow in the tundish includes plug flow, well-mixed and dead zones, and the dead zone is not beneficial to the floating removal of inclusions and can reduce the working capacity of the tundish. The well-mixed zone is good for the uniformity of the temperature field but is not beneficial to inclusion removal, while the ability of the plug zone is contrary to that of the well-mixed zone. The volume ratios of these three zones can be obtained by analyzing the RTD curves through a tundish flow characteristic analysis model. In this paper, the analysis method proposed by Pan et al. [32, 33] is applied to investigate the RTD curves.
The variance is used to describe the deviation between the real flow pattern and ideal plug flow as follows:
where 2 ranges from 0 to 1, 0 represents full plug flow and 1 represents well-mixed flow. As the back-mixing area increases, the RTD curves become flat, as does the value of 2 .
The residence time of the dead zone (Vd) is defined as over twice the average residence time in the tundish as follows:
Then, the volume fraction of the well-mixed zone (Vm) can be calculated by:
Therefore, the volume fraction of the plug zone (Vp) can be obtained after calculating that of the dead and well-mixed zones as follows:
where d i , Vm i and Vp i are the volume fraction of dead, wellmixed and plug zones at the i th strand, respectively; V is the working volume of tundish.
Judgment of consistency among strands
For an odd multistrand tundish, the consistencies of flow, temperature and inclusion removal among the strands should be guaranteed on the basis of proper flow behavior. The total average standard deviation of the tracer concentration at each strand is applied in the calculations to judge the consistency among strands as follows:
For a multistrand tundish, a smaller value of S¯N means higher consistency among strands. 
Computational conditions
The flow pattern, temperature distribution and inclusion removal behaviors in a five-strand bloom tundish are chosen as the subjects in this contribution. The boundary conditions for the calculations can be set as follows:
(1) The velocity inlet boundary condition is applied for the computational inlet, in which k = 0.01u 2 inlet and ε = 2k 1.5 /d inlet ;
(2) Considering a constant casting speed during the casting process, the velocities of the computational outlets are set to a constant value; (3) The horizontal gradients of all variables at the symmetry plane are set to zero; (4) For the free surface, the normal derivatives of all variables are set to zero, and the adiabatic condition is applied; (5) For the tundish walls, a no-slip wall boundary condition is applied, the near-wall surface is treated as a standard wall function, and the normal gradients are set to zero.
A schematic view and the dimensions of the original tundish are shown in Fig. 1(a) . Half of the real tundish is taken as the computational domain considering the symmetry of the tundish. The mesh distribution of the computational model is presented in Fig. 1(b) , and the number of meshed cells is approximately 1,200,000. The mathematical model is solved by FLUENT, and the SIMPLE algorithm was used to resolve the pressure-velocity coupled in the momentum equation, and the criterions for convergence for continu-ity, momentum, energy and turbulence equations are below 10 −4 . After obtaining the stable steady-state flow and temperature fields, the tracer is injected to the tundish for one second, and the three-dimensional-turbulent diffusion process is subsequently calculated, then, the RTD curves of tracer concentration in each strand can be obtained. Table 1 shows the thermophysical parameters of molten steel, and the main industrial conditions of the tundish applied in calculations are presented in Table 2 .
3.
Results and discussions
Research proposal
The baffle structure has a decisive effect on the metallurgical behavior in an odd multistrand tundish. To improve the flow pattern and optimize the consistency in the tundish, four kinds of baffles are designed and investigated based on the currently applied baffle (Fig. 1a ). In addition, a TI is also a key FCD to alleviate the impact effect of injection flow on the tundish bottom, reduce the turbulence intensity in the impact zone and avoid slag entrapment and steel exposure. Therefore, the effects of two kinds of typical TIs on flow, heat transfer and inclusion removal behaviors are also discussed in this paper, and these kinds of TIs are rectangular without eave (A-type) and circular with eave (B-type). The designed three-dimensional structures of baffles and TIs are shown in Fig. 2 . According to the above designs of baffles and TIs, the arrangement of investigation projects to discuss the metal- 
Model validation
The simulation results of the flow field are verified by 1:3 water model experiments. In these experiments, the ratios of injection velocity and flow rate between real liquid metal and the water experiments can be calculated based on their equal Froude numbers (F r ) as follows:
where F rp and F rm , v p and v m , and L p and L m are the Froude numbers, velocities and characteristic lengths in the real tundish and water model, respectively, and the scale factor = 1 3 . Then, the conversion relationships among velocity, flow rate, and residence time between the real tundish and water model are v m = 0.5 v p , Q m = 2.5 Q p , and¯t m = 0.5 t p .
During the experiments, 20% KCl solution is chosen to be the tracer, which is dyed by methyl blue and injected into the model through the ladle shroud after the flow field reaches stability for 3 min. The behavior and distribution of the tracer Table 3 -The arrangement of simulation projects.   Project ID  TI  Baffle  Project ID  TI  Baffle   A0  A-type  Original  A1 A
are completely recorded by a camera, and the changes in electrical conductivity at the strand outlets are detected and analyzed by the electrodes. The results of conductivity are magnified, converted into dimensionless concentration, and imported into a computer; then, the dimensionless concentration versus dimensionless time curves, known as RTD curves were derived. Therefore, the response time (T r ), peak time (T p ), and average residence time of each strand and the whole tundish, as well as the volume ratios of the plug, well-mixed and dead regions, are obtained. Considering the symmetry of the tundish, the RTD curves at the 3rd, 4th and 5th strands are taken into account on behalf of the whole tundish. A schematic diagram of the water model experimental device is presented in Fig. 3 .
A comparison of the RTD curves between the experimental and simulated results under A0 is presented in Fig. 4 . The variation tendencies of the RTD curves for the 3rd, 4th, and 5th strands have good consistency, and the simulated results of response time, peak time and concentration in each strand are basically consistent with those of the experiments. Fig. 5 shows a comparison of the average residence times of the 3rd strand and whole tundish between the experimental and simulated results under different projects. Additionally, the values and contrastive errors of the whole average residence time between the experiments and simulations under different projects are listed in Table 4 , in which the experimental times are converted to those of the real tundish according to the principle of similarity. Good consistency of the average residence times in both the 3rd strand and whole tundish between experiments and simulations can be obtained under all the different projects, and the average residence time is relatively enhanced under A1 to B4. The errors in average residence times between experiments and simulations under different projects are generally controlled within 5%, and the largest error is only 6.5% under A0; thus, the errors are within a reasonable range.
A comparison of the dyed tracer distribution and movement at diffusion times of 20 s, 40 s, 80 s, and 150 s between experiments and simulations under A0 is shown in Fig. 6 . The simulated tracer diffusion behavior is basically consistent with that of the experimental results; these two methods are reliable and accurate for intuitively simulating the real flow behaviors in the bloom tundish.
Flow field
3.3.1. Flow field before optimization Fig. 7 presents the simulated velocity vectors at the center plane of the longitudinal section (a), streamlines (b) and RTD curves (c) in the tundish under A0. A strong flow is observed around the 3rd strand, the streamlines are extremely intensive, and the process is relatively short. In addition, two flow regions with high velocity form near the middle wall of the baffle, and this finding means adequate distribution of liquid steel and fast speed of steel update. However, some of the molten steel flows into the casting zone through the lower diversion holes in the middle wall of the baffle and flows straight out into the mold at the 3rd strand. The short circuit flow can cause a decrease in the floating removal rate of nonmetallic inclusions and seriously deteriorate the quality of the bloom produced by the 3rd strand. Moreover, the steel flow near the edges of the casting zone (the 5th strand) is very weak, and this flow is apparently slower and weaker than the velocity near the 3rd strand. Additionally, the streamlines are obviously sparse, and the distance of the flow path is much longer, which means that there is not enough fresh liquid steel replenishing at the edge zone and that a dead zone forms with a relatively larger volume. In addition, the distribution of the streamlines in the whole tundish is chaotic under A0, and this distribution is not beneficial to the development of plug flow. Furthermore, the differences in peak concentration and peak and response times among the 3rd, 4th and 5th strands are relatively large, and the fresh steel supplement at the 5th strand lags badly behind the other two, which leads to the uneven distribution of liquid steel in the whole tundish and causes poor consistency among strands. The heterogeneities of the steel distribution and flow field mainly result from the improper design of the baffle. The original baffle has four diversion holes on the middle wall that are near the casting zone of the 3rd strand, while only two holes are arranged on each sidewall of the baffle. This kind of baffle is bound to an excessively adequate supply of fresh steel and leads to short circuit flow near the 3rd strand supplement and a large dead zone near the 5th strand, causing uneven distributions of steel composition and temperature among the strands. Therefore, the structure of the baffle for the five-strand bloom tundish should be optimized to solve the problem mentioned above.
Flow field after baffle optimization
To improve the flow field in the casting zone and ensure the uniform distribution of molten steel among the strands, the basic idea of baffle optimization is to control the steel supplement at the 3rd strand, eliminate the short circuit flow, and enhance the steel supply at the 5th strand, reducing the volume of the dead zone. Then, four kinds of baffles are proposed and discussed, and the characteristics of the baffles are shown in Fig. 1. Fig. 8 presents the streamlines in the tundish and the velocity vectors at the center planes of the longitudinal section (y = 0) for the four baffles with the A-type TI. The flow field is apparently changed after the change in baffle structure, and the molten steel flows upward into the casting zone through upward diversion holes and forms the surface flow when it reaches the top surface. Then, most of the molten steel flows toward the two sides of the bloom tundish and generates a large circulation flow along the tundish wall after a certain distance, while a relatively small circulation flow is formed in the region between the baffle and tundish wall by partial liquid steel, which generally flows to the 3rd and 4th strands. Compared to the streamlines in the tundish with the original baffle ( Fig. 7b) , the flow field can be obviously improved when the lower diversion holes in the middle wall of the baffle are canceled and two large holes are arranged at each sidewall of the baffle. The steel supplement near the 3rd strand can be reduced and the flow path prolonged so that the response time and residence time of the 3rd strand are effectively extended to avoid the appearance of short circuit flow and offer enough floating removal time for the nonmetallic inclusions. Additionally, the large holes in the baffle sidewalls can enhance the steel supply at the far end of the tundish, and the steel velocity near the 5 th stand is increased so that the volume of the dead zone can be shrunk and the steel composition and temperature uniformities in the tundish are improved. Moreover, the formation of two circulation flows can promote plug flow and enhance the rate of inclusion removal. The velocity vectors in Fig. 8 show that the flow behavior is more uniform and stable in the whole casting zone among the strands after optimization of the baffle, and the steel velocity near the 3rd strand and the remarkable surface layer flow between the 3rd and 4th strands decrease. The surface layer flow is relatively stronger under A2 and A4, and the impact pressure of steel flow on the middle wall of the baffle can be decreased through this type of baffle, which will guarantee the maintenance of the structure and shape of the baffle under the long-term and high-temperature casting environment and is beneficial to sequence continuous casting.
Effect of TI on the flow
The baffle separates the tundish into two parts, the casting and impact zones, and the TI is installed directly below the ladle shroud at the bottom of the impact zone. Therefore, the study of the metallurgical effect of the TI is mainly focused on the flow pattern in the impact zone. Fig. 9 shows the velocity vectors in the planes of symmetry under A0 (a), A4 (b) and B4 (c). The velocity vectors in the impact zone under A0 are basically the same as those under A4, as these two projects have the same TI and different baffles, which means that the structure of the baffle has little effect on the flow behavior in the impact zone. While the flow pattern exhibits a large difference between A4 and B4, the structure of the TI has a significant effect on the steel flow behavior in the impact zone of the tundish.
When applying the A-type TI, the high-speed injection flow impinges on the inner wall of the TI and forms two upward flow strands at the front and back of the ladle shroud due to the constraint of the TI around walls. Then, these flows gradually reach the free surface and flow around the wall in the impact zone, subsequently forming the downward circulation flow along the refractories. In addition, there is basically no collision between the rising steel and the downward flow. This kind of flow in the tundish can lead to high turbulent kinetic energy (TKE) and steel velocity near the free surface with a low turbulent dissipation rate, which can cause a remarkable level fluctuation at the free surface and may increase the chance of slag entrapment and secondary oxidation due to steel exposure. When applying the B-type TI, the circulation flow in the internal area of the TI after the injection flow impinges on the TI bottom and is controlled by this area, and this effect can generate a relatively strong turbulent dissipation rate when the steel flows upward. The rebounding upward flow collides with the downward steel and effectively counteracts part of the velocity and TKE, and this process can obtain a relatively stable free surface and avoid the appearance of slag entrapment.
The distribution of TKE (a) in the impact zone and velocity vectors (b) at the free surface under the #4 baffle with A-type (a) and B-type (b) TIs are shown in Fig. 10 . The B-type TI can decrease the turbulence intensity in the impact zone, especially the maximum TKE at the free surface, which decreases from 2.5 × 10 −3 m 2 /s 2 to 5 × 10 -4 m 2 /s 2 . Such a decrease can significantly reduce the chance of slag entrapment in the impact zone. Furthermore, the velocity at the free surface of the impact zone is nonuniformly distributed when using the original TI. In this case, the maximum velocity is approximately 0.085 m/s and is distributed at two sides of the shroud, and this velocity may readily cause severe slag entrapment there. When the B-type TI is applied, a relatively uniform velocity distribution can be obtained at the free surface in the impact zone, and the maximum velocity decreases to 0.049 m/s, which is only 57.6% of that of the A-type TI. The structure of the TI can clearly decrease the turbulence intensity in the impact zone, reduce the velocity at the free surface, lessen the opportunity for slag entrapment and avoid the occurrence of steel exposure.
Analysis of RTD curves
The main methods to improve the flow behavior in an odd multistrand bloom tundish is to eliminate the short circuit flow, prolong the response and residence times of the tundish, improve the consistency among the strands, increase the volume of the plug zone and decrease the area of the dead zone. The simulated RTD curves under different projects are presented in Fig. 11 . Table 5 lists the analysis of the RTD curves under all the projects, in which T r , T p , T a , and T¯a represent the response time, peak time, and residence times of each strand and the whole tundish, respectively; V p , V d and V m are the volume ratios of the plug, dead and complete mixing flow zones; and S¯N is the whole mean standard deviation of the tracer concentration at each strand. Fig. 4(c) and Table 5 show that the response and peak times at the 3rd strand are very short under A0 and are only 21.0 s and 162.5 s, respectively, and the peak concentration of the tracer is much higher than that at the other stands. While the peak and response times at the 5th strand are far behind those of the 3rd and 4th strands, the average residence time of the whole tundish is 561.7 s, and the differences in residence time among the strands are very large; these values are 367.7 s, 492 s and 728 s, respectively. The average residence time of the 3rd strand is only approximately half that of the 5th strand, and this difference leads to the difficulty of inclusion floating removal. The coincidence of the RTD curves (for the 3rd, 4th and 5th strands) under A0 is poor, and the whole mean standard deviation of the tracer concentration among the strands (S¯N) reaches 0.0226, which means that there are remarkable differences in the flow patterns among the strands. The overall liquid steel flow field in the tundish is improper. In addition, the uniformities of the composition and temperature can hardly be reached, which will affect the smooth casting and quality of the bloom.
As shown in Table 5 and Fig. 11 , the response and average residence times of the 3rd and 4th strands are obviously prolonged after optimization of the baffle structure, and the response time at the 3rd strand all increase to three times that of the original project. The average residence time increases from 367.7 s to over 609.8 s, especially increasing to 682.2 s under A4, and this increase can efficiently eliminate the short circuit flow, is beneficial for the floating removal of inclusions, and avoids the FD disqualification of the steel produced through the 3rd strand due to the short response and residence times. Additionally, the whole residence time increases by approximately 30 s, and the volume rate of the plug zone increases by approximately 3.2% to 5.7%, while the volume rate of the dead zone decreases by approximately 0.2% to 1.1%; these results mean that the flow behavior in the tundish has improved, and the metallurgical functions of the tundish can fully come into play. Moreover, the total mean standard deviation among the strands decreases from 0.0226 to under 0.0078, and the flow differences among the strands obviously decrease, which is good for the uniform distributions of the steel temperature and compositions. The RTD data under dif-ferent optimization proposals (A1∼A4 and B1∼B4) are similar to each other, while the response and average residence times at the 3rd strand are much longer than those of the other stands when applying the #1 and #3 baffles, and this finding is not beneficial to the consistency of the strands. When applying the #2 and #4 baffles, the steel flow can be properly distributed, the differences in the response time and average residence time among the strands are decreased, and the consistency of the strands can be further improved. Therefore, relatively proper steel flow behavior in the tundish can be obtained when applying the optimized A4, B4, and B2 projects from only the point of view of the flow field. The whole residence time reaches 595.0 s, and the volume rate of the plug area increases by approximately 4.8% under B4 compared to that of A0, while the volume rate of the dead zone decreases by approximately 0.2%. The response time increases to 63.5 s and 53.0 s at the 3rd and 4th strands, respectively, and the response time decreases from 199.0 s to 99.0 s at the 5th strand. Additionally, the total average standard deviation is only 0.0057, which decreases by approximately 75% compared to that of A0, and the consistency of the flow pattern among the strands exhibits a significant improvement.
From the above, the optimum project for improving the flow field in the tundish is B4, in which the #4 baffle and B-type TI are applied. The second-best project is B2.
Temperature distribution
The inhomogeneity of the molten steel temperature distribution in the tundish can deteriorate the uniform growth of the solidifying shell in the mold, is not beneficial to the floating removal of inclusions in the steel, and can lead to pull leakage in severe cases. Based on the results of the flow fields under the different projects discussed above, the temperature fields in the tundish under A0, A4, B4 and B2 are taken into account in this section. Fig. 12 shows the temperature distributions in the whole tundish and at the vertical center planes of the outlets under A0, A4, B2 and B4. Fig. 12(a) shows that the area of low temperature in the casting zone is very large, most of which is concentrated on the top surface upon the 4th and 5th strands, especially the region near the far edges of the tundish, in which a remarkable volume of the dead zone exists and the lowest temperature value is approximately 1744 K. The largest temperature drop reaches 28.6 K. Additionally, the temperature differences among the strands are large, and an apparent temperature drop along the x-direction can be observed, by which the steel temperature near the 3rd strand is much higher than that near the other strands due to the short circuit flow, while this temperature is much lower near the 5 th strand due to the insufficient supplement of steel with high temperature. The phenomena of nonuniform temperature distribution among the strands and the obvious temperature drop under A0 match the results of the flow behaviors analyzed above; inconformity of the flow field can lead to uneven distribution of steel temperature among the strands.
When applying the optimized baffles and TIs, the temperature field in the tundish can be significantly improved, by which the low-temperature area near the top surfaces of the 4th and 5th strands and the temperature gradient along the x-direction are decreased, the lowest temperature and steel temperature near the 5th strand are enhanced, and there is no evident high-temperature zone near the 3rd strand. The temperature distribution is more reasonable with a lower temperature drop and difference among the strands. Fig. 13 shows the maximum temperature drop and temperature difference among the strands under different projects. Under the original condition, the maximum temperature drop is 28.6 K and the temperature difference among the strands reaches 3.7 K. The temperature drop decreases to 24.2 K for A4, 25.1 K for B2 and 22.8 K for B4, and the largest temperature difference among the strands decreases by 1.3 K for A4, 1.8 K for B2 and 1.4 K for B4, respectively. A relatively proper temperature field can be obtained on the basis of the reasonable flow pattern in the tundish when applying the #4 baffle with the B-type TI, by which the temperature at each strand is more uniform and smooth production can be guaranteed.
Thus, it is essential to improve the structures of the tundish turbulence control devices to enhance the uniformity of steel temperature and improve the flow field on the basis of strengthening the thermal insulation in the production process.
3.6.
Inclusion removal
Effect of inclusion size
The movement loci of nonmetallic inclusions with diameters of 10 m, 30 m, 50 m, 80 m and 100 m are calculated by the Lagrangian stochastic trajectory model, and the movement in each case is repetitively calculated to ensure the accuracy of the calculations. The statistical removal rates of inclusions with different sizes under different projects are presented in Fig. 14. The removal rate increases as the inclusion size increases; the removal rate of inclusions with a diameter of 10 m is between 41.9% and 54.3%, while this rate is approximately 90% for the inclusion size of 100 m. Fig. 15 shows the movement loci of inclusions with different sizes under B4. Most of the inclusions with relatively small diameters (10 m-30 m) escape from the tundish to the mold, and the movement trajectories are basically consistent with those of molten steel. The removal rate is relatively low due to the small buoyancy and strong effect of steel flow on inclusion removal. Because the buoyancy of inclusions increases as the inclusion size increases, the removal rate increases approximately 20% when the inclusion diameter is 50 m compared to the removal rate of smaller inclusions, and the movement trajectories of inclusions with diameters of 100 m are relatively shorter; these inclusions can almost be removed during the casting process, and the removal rate can reach 94.44%. Fig. 16 shows the movement loci of inclusions under A0, A4, B2 and B4. The movement trajectories of inclusions are mainly gathered between the 3rd and 4th strands, most of which escape into the submerged entry nozzle of the 3rd strand and rarely move to the 5th strand. When applying the proposed turbulence control device, the proportion of inclusions that escape to the 3rd strand decreases, and the differences in inclusion removal behavior among the strands are reduced.
Effect of turbulence control device
In addition, the upward flow of the molten steel is beneficial to the floating movement of inclusions after the optimization of the turbulence control device, and this effect can improve the upward ability of inclusions and enhance the chance of inclusion adsorption by the slag layer. The floating ability of inclusions with small diameters is relatively weak and flows with the molten steel so that the removal rate can hardly be enhanced. Comparatively, the Stokes floating speed is rel-atively higher when the inclusion diameter is greater than 50 m, and the movement trajectory is short, so the obvious removal effect can be obtained. By comprehensively considering the above results, the optimum project for inclusion removal is B4, and the removal rates of nonmetallic inclusions with different diameters under B4 are increased by 0.9% for 10 m, 1.2% for 30 m, 5.1% for 50 m, 5.8% for 80 m and 8.3% for 100 m compared to those of A0. Fig. 17 presents the removal rates of inclusions with different sizes by wall adsorption under different projects. The main removal method for inclusions in the tundish is Stokes floating, which accounts for more than 80% of the removed inclusions. The contribution of wall adsorption to the inclusion removal rate is relatively small, and the inclusion removal caused by wall absorption gradually decreases as the inclusion diameter increases. The removal rate induced by the wall absorption under B2 is 8.6% when the inclusion size is 10 m, while the rate decreases to only 5.4% and 1.1% when the diameter is 50 m and 100 m, respectively. As the inclu- sion diameter increases, the buoyancy force is enhanced, and the chances of inclusions crashing into the wall decrease. In addition, inclusions with large diameters are easily exposed to the shear flow near the tundish wall, and the adsorption instability increases, which leads to a decrease in wall absorption rate.
Effect of wall adsorption
By comprehensively considering the flow, heat transfer and inclusion removal behaviors under different baffles and TIs, the optimum design for improving the metallurgical behaviors in the bloom casting tundish and enhancing the consistency among the strands is B4.
Application effects
Based on the above investigations and results, the optimum design should be the #4 baffle with the B-type TI. To validate the application effects of the optimized baffle and TI, the conditions of B4 are applied in industrial trials, and the qualification rates of FD in the produced steel rails are measured and compared to those of the original project. A comparison of the FD qualification rates in the steel rails between the original conditions and four months of application of the optimized baffle and TI in the industrial trials is listed in Table 6 . Table 6 shows that the total qualification rate of FD in the steel rails increases from 97.94% to 98.73% after applying the optimized baffle and TI, and the FD disqualification rate from the 3rd strand decreases from 34.20% to 19.07% of the total disqualified steel rails. Moreover, the disqualification numbers of FD from each strand are much closer, as the FD disqualification rates from the 1st, 2nd, 3rd, 4th and 5th strands are 22.27%, 13.77%, 34.20%, 10.64% and 19.13% under the original conditions while changing to 17.17%, 21.25%, 19.07%, 27.48% and 17.71% when applying the optimized turbulence control device, respectively. The consistency of each strand in the fivestrand bloom tundish is apparently enhanced. The inclusions in numerous products produced before and after optimization are measured using the ISO 4967 international standard. According to the production standards, the inclusion appraisal for high rail steel should be A) (sulfide type) ≤2.0, B) (alumina type) ≤1.0, C) (silicate type) ≤1.0 and D) (globular oxide) ≤1.0. Table 7 lists the statistical results of inclusion disqualification rates in the high rails produced under the original and optimized conditions. As shown in this Table, 31, 45 and 36 of 3962 samples are below the qualified standards of the sulfide, alumina and silicate types of inclusions, respectively, detected using the original structures of the baffle and TI, and 5 samples meet the disqualification rates of two inclusion types. Only 6, 3 and 9 of 2001 samples, respectively, are below the qualified standards when detected by applying the optimized conditions. The qualification rate of nonmetallic inclusions in high rails increases from 97.3% to 99.1% after optimization.
Conclusions
The flow patterns, temperature distributions and inclusion movements in a five-strand bloom tundish under different baffles and TIs are numerically and experimentally investigated, and the optimum conditions are proposed and applied in a plant. The conclusions of this contribution are summarized as follows:
(1) The simulated results of the flow field and RTD curves under different baffles and TIs are basically consistent with the experimental results, and the largest error is 6.5% under A0, while the others are controlled within 5%. Additionally, unevenly distributed molten steel, an improper flow field and inferior consistency among the strands can be observed when applying the original conditions. (2) When applying the baffle without lower diversion holes in the middle walls, the flow and temperature fields are apparently improved, by which the volume of the plug zone and the consistency among the strands are enhanced, the short circuit flow is eliminated, and the response and residence times are prolonged at the 3rd strand. Moreover, the turbulence intensity in the impact zone and the maximum velocity near the free surface decrease from 0.085 m/s to 0.049 m/s when using the Btype TI. (3) The optimum project is B4, by which the total residence time reaches 595.0 s and the volume of the plug zone increases approximately 4.8%, while the volume of the dead zone decreases 0.2%. Additionally, the response and residence times of the 3rd strand increase by 42.5 s and 264.6 s compared to those of A0, respectively, and the total average standard deviation among the strands decreases to 0.0057. The consistency among the strands is apparently improved as well. (4) After optimization, the maximum temperature drop decreases from 28.6 K to between 22.8 K and 25.1 K, and the temperature difference among the strands decreases from 3.7 K to between 1.4 K and 1.8 K. The removal rate of small inclusions exhibits little increase after optimization, and Stokes floating plays an essential role in inclusion removal. The removal rates of inclusions with diameters from 10 m to 100 m increase by 0.9% to 8.3% and reach 94.4% when the diameter is 100 m under B4. (5) After applying B4 for a period of industrial trials, the qualification rate of FD in the produced high rails increases from 97.94% to 98.73%, the consistency of the strands in the five-strand bloom tundish are apparently enhanced, and the qualification rate of inclusions increases from 97.3% to 99.1%.
